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Abstract
The Large Hadron Collider, to be installed in the 26 km long LEP tunnel, will
collide two counter-rotating proton beams at an energy of 7 TeV per beam.







High field dipole magnets operating at 8.36 T in 1.9 K superfluid Helium will
deflect the beams. The construction of the LHC superconducting magnet sys-
tem is a significant technological challenge. A large variety of magnets are
required to keep the particle trajectories stable. The quality of the magnetic
field is essential to keep the particles on stable trajectories for about 10 turns.
The magnetic field calculations discussed in this workshop are a primary tool
for the design of magnets with low field errors. In this paper an overview of
the LHC accelerator is given, with special emphasis on requirements to the
magnet system. This contribution has been written for the participants of this
workshop (physicists and engineers who are interested in understanding some
of the LHC challenges, in particular to the magnet system) The paper is not
meant as a status report, which has been published elsewhere [1] [2]. The
conceptual design of the LHC has been published in [3].
1 Introduction
The motivation to construct an accelerator such as the LHC comes from fundamental questions in Particle
Physics [4]. The first problem of Particle Physics is the Problem of Mass: is there an elementary Higgs
boson. The primary task of the LHC is to make an initial exploration of the 1 TeV range. The major LHC
detectors, ATLAS and CMS, should be able to accomplish this for any Higgs mass in the expected range.
To get into the 1 TeV scale the beam energy is 7 TeV, to be achieved by installing a proton accelerator
into the 27 km long LEP tunnel. For the deflection of 7 TeV protons, a magnetic field of 8.36 Tesla
is required that can only be realised with superconducting magnets. The machine is also designed for
collision of heavy ions (for example Lead) at very high centre of mass energy. A dedicated heavy ion
detector, ALICE, will be build to exploit the unique physics potential of nucleus-nucleus interactions at
LHC energies. The fourth detector, LHC-B, will be build for precision measurements of CP-Violation
and rare decays of B Mesons. At a later stage the machine might be upgraded to collide electrons with
protons.
The LHC has been prepared since the beginning of the 80th, with a R+D program for supercon-
ducting dipole magnets and the first design of the machine parameters and lattice. The CERN Council
approved the LHC in 1994. At that time it was proposed to build the machine in two energy stages due to
limited funding. Strong support for the LHC from outside the CERN member states was found (Canada,
India, Japan, USA and Russia will contribute with manpower and money), and CERN Council decided
in 1996 to approve the LHC to be build in only one stage with 7 TeV beam energy. The LHC accelerator
is constructed in collaboration with laboratories from both member and non-member states and operation
shall start in 2005.
2 LHC Layout
The LHC has an 8-fold symmetry with eight arc sections and eight straight sections (see Fig. 1). Two
counter-rotating proton beams will circulate in separate beam pipes installed in the same magnets and
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cross over at four points. The total path length is the same for each beam. The beams will collide at
a small angle in the centre of the experimental detectors, which are installed in four straight sections
together with the machine components to provide the collisions. The other insertions are to be used by
systems for the machine operation: beam dump, beam cleaning, RF etc. The arcs consist of 23 regular
cells, each with six dipole magnets to deflect the particles and two quadrupole magnets to focus the
beams (see Fig. 2). Small dipole, sextupole, octupole and decapole corrector magnets are installed to
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Fig. 2: Schemanic layout of one LHC cell with dipole, quadrupole and corrector magnets.
3 Energy and Luminosity
Energy: The particle momentum p is given by p[GeV/c]=? [m] @ B[T]/3.335, where ? is the bending radius
and B the magnetic field strength. The bending radius is determined by the LEP tunnel. Since the
momentum is proportional to B, superconducting dipole magnets with a magnetic field strength of up
to 9 T were developed. The LHC magnet coils are made of niobium-titanium cables. This technology,
invented in the 1960s at the Rutherford-Appleton Laboratory, UK, was first used at the TEVATRON at
Fermilab. The TEVATRON and HERA at DESY are operating since some years with superconducting
magnets cooled with helium at about 4 K. The heavy ion collider RHIC at BNL uses the same technology
and will start operation soon. In order to gain in magnetic field strength the LHC magnets operate at 1.9 K
in a cryogenic system with superfluid helium. Compared to a temperature of 4.2 K, a magnetic field of
about 2.7 Tesla more can be achieved. Recently a superconducting dipole magnet developed by LBL
reached 13 T using NbSn3 [5]. Although the maximum field is higher than for niobium titanium magnets,
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Energy TeV 7
Injection energy TeV 0.45
Dipole field Tesla 8.36
Number of dipole magnets 1232
Number of quadrupole magnets 430
Number of corrector magnets about 8000
Luminosity cm A;B s ADC 10EF
Coil aperture mm 56
Distance between apertures mm 194
Particles per bunch 10 CC
Number of bunches 2835
Table 1: Some machine parameters
this new technology could not be considered for the LHC due to the costs and limited experience with
this technology.
Luminosity: When two bunches cross in the centre of a physics detector only a tiny fraction of the
particles collide to produce the wanted events, since the cross-section G to produce a particle such as
the Higgs is very low. The rate of particles created in the collisions is given by the product of cross-







is required, which exceeds the luminosity of todays machines by more than one order of












N is the number of particles in each bunch, P the revolution frequency (11246 Hz, determined by the
circumference of the LEP tunnel) and QS the number of bunches. G XY/[ Z are the beam size in horizontal and
vertical plane at the collision point. The beam size is given by G Y/[ Z = \ Y/[ Z @;] Y/[ Z , with ] the transverse
emittance and \ the beta function of the lattice. The transverse particle distribution is approximately
Gaussian. At the collision point the beams are round. The emittance of a proton beam decreases during
acceleration: ] = ] X^!_ . The normalised emittance ] X is given by the injectors and maintained during
acceleration, if the machine is operating correctly (_ = E`bac` /md c ). The value of the beta function at
the collision point is 0.5 m, compared to \ in the arc of about 100 m. At 7 TeV, with the normalised
emittance of 3.75 e m the beam size at the collison point is about 16 e m, and in the arcs about 1 mm.
The Gaussian distribution of an intense proton bunch creates a highly non-linear electromagnetic field,
which modifies the trajectory of particles in the counter-rotating beam (beam-beam effect). The force on
the particle is proportional to the number of protons in the other bunch, and limits the bunch intensity to
about 10















each beam will have 2835 bunches. Some
of the main parameters of the LHC are given in Table I [1].
4 LHC Challenges
For a proton energy of 7 TeV a bending magnetic field of 8.36 Tesla is required. The magnets will operate
at a temperature of about 1.9 K in a cryogenic system with a length of 26 km. The energy stored in one
beam at 7 TeV will be 318 MJ.
At 7 TeV and nominal intensity a small fraction of the protons (in the order of 10 gf ) hitting a dipole
magnet would be sufficient to cause a quench. The energy stored in the magnet system is equivalent to
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about 4 tons of TNT. When a quench is detected, the beam is deflected into a beam dump, and the magnet
energy is discharged safely into a resistor. A sophisticated scheme with quench protection heaters and
cold bypass diodes has been designed to protect the magnets [6].
Protons will circulate in the LHC for more than 10

turns in a vacuum chamber with a diameter of about
50 mm. To ensure beam stability, an excellent field quality is required. The magnets will be aligned with
respect to a reference orbit by about 0.3 mm. Quadrupole magnets with a gradient of 250 T/m and an
aperture of 70 mm close to the collision points will focus the beam to the size of about 16 e m required
fo high luminosity operation.
5 The LHC - why at CERN ?
CERN has a unique expertise in the construction of Hadron accelerators. The CERN Proton Synchrotron
(PS) has been built in the 50th and is still used as injector for the other accelerators. The first proton
proton collider was the ISR. Two continuous proton beams were colliding at an energy of about 30 GeV.
Later bunched proton and antiproton beams were accelerated from 26 GeV to 315 GeV and brought
into collision at the SPS, where the Zd and W bosons were discovered. At LEP electrons and positrons
are colliding at an energy of nearly 100 GeV/beam. Accurate measurements on Z
d
and W Bosons are
performed. The LEP components will be removed after the end of LEP operation in 2000 to make space
for the LHC equipment. The LHC machine will be fed by existing particle sources and pre-accelerators
[7] [8]. The injector complex includes many accelerators at CERN (see Fig. 3): Linacs, Booster, LEAR
as an ion accumulator, CPS and the SPS. The beams will be injected into the LHC from the SPS at an
energy of 450 GeV and accelerated to 7 TeV in about 30 min, and then collide for many hours. The beam
parameters, beam sizes and beam intensity, are basically determined by the performance of the injector
complex. The pre- accelerators are operational and the modifications required to achieve the LHC beam
parameters will be finished before the LHC comes into operation. The civil engineering for the LHC
is limited to the construction of two large underground caverns for ATLAS and CMS and two transfer
tunnels of each 2.5 km length from SPS to LHC.
6 The LHC main magnet system
1232 superconducting dipole magnets [10] [9], each about 15 m long, will be constructed by European
Industry. A cross-section of the dipole magnet in its cryostat with two beam tubes separated by 194 mm,
the collars and the iron yoke is shown in Fig. 4. In order to deflect the couter-rotating proton beams
the field direction in the apertures is opposite. The coil is designed with six blocks and the cable carry
about 13 kA. The cold mass inside the pressure vessel is filled with liquid He at a pressure slightly
exceeding 1 bar and cooled using a heat exchanger pipe at 1.9 K. A vacuum vessel, radiative insulation
and a thermal shield at 55- 75 K reduce heat inleaks to the minimum. A series of short model dipole
magnets have been constructed at CERN, and 10 m long prototype magnets were built by industry and
tested at CERN. Since 1994 three dipole magnets and one quadrupole magnet were installed into a 50 m
long LHC test string to gain experience in assembly and operation with magnets, cryogenics and vacuum
[12]. Recently the first 15 m long dipole magnet was tested. The magnets should not only reach a field
exceeding the design field, also the field quality must be excellent. The magnetic field errors should be
limited to about dB/Bd =10 

at 10 mm radius. The field quality, which is a critical issue for a machine
such as the LHC, is measured for each magnet.
More than 400 quadrupole magnets with a length of 3.5 m and a gradient of 220 T/m are developed in
collaboration with French institutes (CRNS and CEA). The first prototype magnets were delivered in












LIL	 :  LEP’s Linac Injector
EPA      :  Electrons-positrons Accumulator
PS	 :  Proton Synchrotron
SPS	 :  Super Proton Synchrotron
LEP	 :  Large Electron-Positron Collider
LHC	 :  Large Hadron Collider








Fig. 3: Schematic view of the LEP/LHC injector complex. The beam is injected from the SPS into the LHC at an energy of
450 GeV. Booster and PS are used to prepare the bunches and to accelerate to the injection energy of the SPS (26 GeV). LEAR
will be used for accumulating and cooling of ions.
7 Beam dynamics, corrector magnets and dynamic aperture
7.1 Dipole field errors and dipole corrector magnets
If a particle with zero angle and amplitude travels through a series of perfectly aligned quadrupole mag-
nets without any field errors, the trajectory goes through the centre of each quadrupole magnet (see
Fig. 5). If a magnet is misaligned, the particle is deflected. The magnets in the LHC tunnel will be
aligned to about 0.3 mm with respect to a reference line (this is similar to what has been achieved at
LEP). Although this value is small for a 26 km long machine, the misalignments lead to deviations of
the particle trajectory that are unacceptable. The errors are corrected with small dipole magnets. The
trajectory is measured, and the strength of each corrector magnet is set to a value that minimises the
deviations.
7.2 Betatron tune and quadrupole corrector magnets
If a particle circulates in an accelerator with quadrupole magnets of perfect field quality, the trajectories
remain stable forever. Using the appropriate co-ordinate system, the trajectory can be expressed as a







v is the phase advance of the betratron oscillation. The number of oscillations per turn is called betatron
tune (QY for the horizontal plane, and QZ for the vertical plane). For the LHC the betatron tunes are in
the order of 60 and can be adjusted in a range of some integer values. An integer or a half-integer value
for the betatron tune must be strictly avoided because of resonances leading to particle losses. In general,
if l @ QY +m @ QZ =n is fulfilled, the particle trajectory can become unstable (l,m,n are integers). The betatron
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Fig. 5: Example of a particle travelling through a series of quadrupole magnets. Without quadrupole misalignment, a particle
starting with zero angle and amplitude follows a straight line. Other particles are deflected by the quadrupole magnets. The
second figure illustates the effect of an alignment error that are corrected using dipole correction magnets.
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tunes need precise adjustment to a level of about 0.001. Quadrupole corrector magnets will be installed
at the beginning of each arc to adjust the betatron tunes of each beam, for the horizontal and vertical
plane. Any skew quadrupole field from quadrupole magnets with a small tilt angle, solenoid magnets
and other imperfections lead to a coupling of the particle oscillations between the two planes. To correct
the coupling, quadrupole magnets rotated by 45 degrees will be installed in some locations of the LHC
lattice.
7.3 Chromaticity and sextupole corrector magnets
The betatron tunes depend on the energy of a particle. The energy spread in the beam is in the order
of 10 
 
. For particles with an energy below the average value (nominal energy), the focal length of a
quadrupole magnet is shorter compared to a particle with nominal energy. It can be demonstrated that
an energy deviation leads to an increased number of oscillations per turn, and therefore to an increased
value of the betatron tune Q in both planes. The change of betatron tune with energy, dQ/dE, is called
chromaticity. A typical value for the chromaticity at the LHC is in the order of some hundred units.
Without correcting the chromaticity, the betatron tune spread due to the energy spread is not acceptable.
Sextupole magnets are installed close to the main quadrupoles in each half-cell to correct both horizontal
and vertical chromaticity to a value close to zero (Fig. 6). At this location particles with nominal energy
travel through the centre of the sextupole magnets where the gradient of the magnetic field vanishes.
The trajectory of the particles depends on their energy (dispersion). Particles with too little energy travel
inside, and experience a gradient (Fig. 6). Those with too much energy travel outside and experience a
gradient with opposite sign. At least two sextupole families are required to correct the chromaticity for
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Fig. 6: Sextupole magnet to correct the chromaticity: a particle with nominal energy travels through the center, where the
gradient of the sextupole magnetic field is zero. For a particle with too much energy travelling outside, the gradient is positive,
for particle with too little energy the gradient is negative.
7.4 Multipole field errors and multipole corrector magnets
With geometric tolerances in the magnet production of less than 0.1 mm, multipole field components
on the level of 10 
 (at 10 mm radius) are present. When the current in a superconducting magnet is
changed, additional multipolar field components are generated (dynamic effects). The main dynamic
field components are sextupole and decapole field components. This effect changes the chromaticity and
requires correction, as it has been first observed at the TEVATRON [14]. In the presence of multipolar
field components (sextupole, octupole or decapole field components) the particle trajectory is no longer
a harmonic function. If the strength of the non-linearity exceeds a certain value and the initial particle
amplitude is non-zero, the amplitude would increase with time and the particle would be lost. Since an
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analytic description of the motion in the presence of non-linear field components has not been developed,
tracking of particles through the magnetic structure using powerful computers is performed in order to
determine the stability of motion [15]. In tracking programs all magnets in the LHC are considered
including their expected magnetic imperfections. The trajectory of a number of particles is calculated
through each magnet for many turns (up to some 10½ turns that corresponds to some 100 s). If the initial
amplitude of a particle is very small, the trajectory is stable. If the initial amplitude is very large, the
trajectory becomes unstable, it grows fast and the particle is lost. For intermediate amplitudes: the
particle can remain stable for many turns (for example 10½ ), and then become unstable. In Fig. 7 the
results of particle tracking is shown. The dynamic aperture is the value of the initial amplitude when the
particle motion becomes unstable. It can be expressed as the ratio of the initial amplitude to the beam
size. The LHC optics is designed that particles with an amplitude of about 10 G ( G is the beam size)
are stable. The emittance of the beam decreases with increasing energy during the ramp. At injection
energy the field errors of the dipole magnets determine the dynamic aperture, which would be too small
without corrections. Small sextupole and decapole corrector magnets are installed at the end of the dipole
magnets to correct the multipole field components (Fig. 2). In order to obtain a dynamic aperture of more
than 10 G , the most important corrector magnets are for the compensation of sextupole and decapole field
nonlinearities in the dipole magnets. If additional corrector magnet are required is being discussed.
Fig. 7: Example of particle tracking results: particles with an amplitude less than 6-7 ¾ survive more than 10 ¿ turns, particles
with larger amplitudes are lost before.
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8 The LHC Insertions
8.1 Luminosity insertions
A schematic layout of the insertions for the high luminosity experiments ATLAS and CMS is shown in
Fig. 8 [16]. At the collision point the two beams with dimensions of about 16 e m are crossing at an
angle of about 300 e rad in order to avoid parasitic beam crossings. An inner triplet of superconducting
quadrupole magnets with an aperture of 70 mm is installed at a distance of about 20 m from the collision
point. The superconducting quadrupoles must accommodate separated beams at injection, provide high
field gradients (up to 250 T/m) and low multipole errors for colliding beams, and sustain considerable
heat loads from secondary particles generated in the two high luminosity experiments. The Japanese and
US collaborators will provide the triplet together with their cryostats. For the high luminosity insertions
(with ATLAS and CMS) normal conducting magnets are used to further separate the beams. For the
insertions with ALICE and LHC-B superconducting separation dipoles and matching sections share the
available space with the injection equipment. When the distance between the beams increases to about
190 mm, a superconducting dipole magnet guides the beams into the separate vacuum chambers of the
outer superconducting quadrupole triplet.
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Fig. 8: Schematic layout of an insertion for a high luminosity experiment
8.2 Other insertions
Four insertions are for accelerator operation and machine safety.
Dump insertion [17][18]: The purpose of the beam dumping system is to remove the beam safely from
the collider at the end of a physics run, or in case of an equipment failure (for example a quench in a
superconducting magnet). Fast kicker magnets deflect the beams into an iron septum magnet, which
bends the beam into a 750 m long transport line to an external zone. The beam dimensions increase to
reduce the energy density, which allows sending the beam into a dump block made of graphite surrounded
with heavier materials.
Cleaning insertions [19]: Proton losses at injection, during the energy ramp and steady losses during
collisions might be concentrated near an aperture limitation of the ring. Due to the high intensity of the
LHC beams, quenches induced by beam losses would be unavoidable. A two-stage collimation system
to capture such particles will be installed in one of the insertions (betatron cleaning insertion). Since
inevitably large background radiation is produced, warm magnets are used to increase the beam distance
to 224 mm, and to generate the required optical function for collimator installation. A second straight
section will be equipped with collimators in order to collect particles with unacceptable energy deviation.
RF insertion [3]: A pair of superconducting dipole magnets increases the separation between the beams
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to 420 mm. To capture the bunches at injection and to accelerate the beam a radio-frequency system with
superconducting cavities will be installed for each beam. In order to leave the possibility for a future
experiment; the RF system is sufficiently far away from the crossing point.
9 Conclusions
The Large Hadron Collider is the first large CERN accelerator project with a strong participation of
external institutes to the machine construction. Civil construction for the LHC has already started. Com-
ponents for more than 700 MCHF have been adjudicated. 15-20 different types of superconducting
magnets and some types of normal conducting magnets are under development. The optimisation of the
field quality is essential in the design of the magnets, and the errors during series production must be
kept below the defined tolerable values. Prototypes for most magnets have been built and work well.
With the LHC String (one quadrupole magnet, and three 10 m dipole magnets) it was demonstrated that
a system of superconducting magnets can be reliably operated at a temperature of 1.9 K. The String runs
since three years, the magnets were quenched more than 100 times and about 10 thermal cycles were
performed. Installation of the LHC components into the LEP tunnel will start in 2001. Injection into first
octant is foreseen for 2003. It is planned to finish the machine installation and to start operation in 2005.
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